Objective: Magnetic resonance imaging (MRI) studies report hippocampal (HC) volume reductions in depression. Despite observations of functional heterogeneity and ovarian steroid influence in the hippocampus, few studies report regional volume alterations or control for menstrual cycle phase. Using in vitro methods, we recently observed reduced anterior HC volume in antidepressant-naive, ovarian-intact, behaviorally depressed adult female monkeys. The purpose of this study was to confirm these findings in vivo and examine whether lack of ovarian steroids affects the relationship between depression and HC volume.
T he structure and function of the hippocampus are implicated in the pathophysiology of depression. Numerous magnetic resonance imaging (MRI) studies support an association between depression and morphometric alterations in the hippocampus. 1 Despite the observation that depression is nearly twice as prevalent in women as in men, 2 few studies of depression and hippocampal (HC) volume focus spe-cifically on depressed women. Clinical studies are thus complicated by heterogeneity in subject characteristics that may differentially affect HC volume, including sex and menstrual cycle phase.
An association between mood-related or depressive behavior and HC structure is supported by animal studies. However, animal models of depression typically use only male rodents in stress paradigms despite evidence of ovarian steroid regulation of stress response circuitry and sex differences in behavioral and neurobiological responses to stress between humans and rodents. 3, 4 Furthermore, HC dendritic spine density varies over the estrus cycle, 5 estradiol (E 2 ) increases dendritic spines and synaptic protein expression in female rodents and nonhuman primates, [6] [7] [8] and E 2 protects against neuronal loss in the hippocampus of chronically stressed female rats. 9 Thus, estrogeninfluenced structural alterations in the hippocampus, particularly in response to stress, may be central to the neurobiology of depression in females. Although preclinical stress models are informative, the degree to which female human depression is reflected in male animal responses to stress remains to be determined. We have developed an adult female cynomolgus macaque (Macaca fascicularis) model of depression in which the animals display behavioral and physiological characteristics like those of depressed humans. [10] [11] [12] Cynomolgus macaques have menstrual cycles that parallel those of women in length and hormonal fluctuations, and the macaque hippocampus more accurately reflects the nuclear organization and connectivity patterns of the human hippocampus than does that of the rat. 13 As such, this model is advantageous for furthering our understanding of the neurobiology of female depression.
The hippocampus is functionally heterogeneous as the anterior hippocampus plays a larger role in mood and emotionrelated functioning than does the posterior hippocampus. 14 Most human volumetric studies do not detail separate investigations of the anterior and posterior hippocampus or control for hormone levels in female participants, even though volume alterations in the anterior hippocampus are associated with menstrual cycle phase in women. 15 We recently reported a reduction in anterior HC volume measured postmortem in depressed compared with nondepressed adult female cynomolgus monkeys controlled for menstrual cycle phase and with no prior antidepressant exposure. 16 To our knowledge, no comparison of HC volumes exists between depressed and nondepressed postmenopausal human or nonhuman primates. To confirm these findings in vivo and examine whether a lack of ovarian steroids affects the relationship between depression and HC volume, the present study investigated whole, anterior, and posterior HC volumes in vivo in antidepressantnaive, surgically postmenopausal animals using MRI. Given the positive influence of estrogen on HC structure mentioned previously and our previous postmortem findings, we hypothesized that HC volume would be smaller in depressed compared with nondepressed surgically postmenopausal monkeys, with the largest reduction in the anterior hippocampus.
METHODS

Subjects
Twenty-three adult female cynomolgus monkeys (M fascicularis) were obtained from Primate Products (Woodside, CA) and housed in small social groups of five animals each for 25 months. All animals were ovariectomized at 3 months, and cycling characteristics were measured for the following 6 months to determine successful removal of ovarian material. Throughout the experiment, the animals were fed a diet based on the typical North American diet. All procedures in this study were conducted in compliance with state and federal laws, standards of the US Department of Health and Human Services, and guidelines established by the Wake Forest University Animal Care and Use Committee.
Study design and treatment
The study followed a randomized, placebo-controlled, crossover trial design in which all animals received each of the following four treatments (expressed as equivalent hormone doses for women): (1) placebo, (2) micronized 17A-E 2 1 mg/day (Estrace; Mylan Pharmaceuticals, Morgantown, WV, and Bristol-Myers Squibb, New York, NY), (3) micronized E 2 1 mg/day (Estrace) and micronized progesterone 200 mg/day (Prometrium; Solvay Pharmaceuticals, Marietta, GA), and (4) micronized E 2 1 mg/day (Estrace) and medroxyprogesterone acetate 2.5 mg/day (Provera; Barr Laboratories, Pomona, NY). 17 Absolute doses were 0.05, 11.1, and 0.139 mg/kg body weight for E 2 , progesterone, and medroxyprogesterone acetate, respectively. Doses were administered based on individual body weights, whereas dose scaling to human equivalents was based on caloric intake rather than body weight to correct for species differences in metabolism. 18 Dose equivalents represent clinically approved, commonly prescribed amounts for postmenopausal women. Treatments were given daily for 2 months, followed by a 1-month washout period during which all animals were given placebo doses. The last hormone regimen phase was followed by a 3-month washout before acquisition of magnetic resonance (MR) images. Behavior observations were completed during the last 3 weeks of each 2-month treatment phase and at the end of the 3-month washout just before the acquisition of MR images.
Behavior
Social status was determined based on the outcomes of agonistic interactions [10] [11] [12] and was stable across time as in previous studies. 19 Using the focal animal technique, 20 behavior was recorded for 15 minutes, 3 days per week per animal during a 3-week period every 3 months. Depressive behavior was defined as a slumped or collapsed body posture with open eyes, accompanied by a lack of responsiveness to environmental stimuli to which other animals are attending, and has been described in detail elsewhere ( Fig. 1 ). [10] [11] [12] Behavioral depression was not induced by an experimental manipulation; captive cynomolgus macaques may spontaneously exhibit depressive behavior.
The effects of treatment on behavior have been described in detail. 21 Briefly, the effects of treatment on behavior were analyzed using a linear mixed-effects model approach with subject as a random factor to account for the intraclass correlations incurred from the design. The effects of treatment, social status (dominant, subordinate), and treatment by social status interaction were analyzed, adjusting for the potential phase effect. Carryover effects were also examined in all analyses and found to be nonsignificant.
Importantly for the study reported here, there were no significant main or interaction effects of hormone regimen on depressive behavior. Thus, the percent time spent in the depressed posture was averaged over the entire study. As in previous studies, the distribution of time spent depressed was skewed, with 7 of the 23 monkeys falling above the mean in depressive behavior. The seven that fell above the mean in depressive behavior spent an average of 12.10% (range, 6.34%-23.10%) of their time in the depressed posture, whereas those that fell below the mean (n = 16) spent an average of 2.79% (range, 0%-5.29%) of their time in the depressed posture.
Observations of depressive behavior were repeated after the 3-month washout, just before scanning. Six animals fell above the mean in depressive behavior during the treatment phase of the study and also just before scanning; these were chosen for scanning to represent the Bdepressed[ group. Thus, the depressed monkeys in this study were currently depressed and had a prior history of depressive behavior. These six depressed animals were carefully matched with six nondepressed animals (those that exhibited below average depressive behavior during the treatment phase of the study and no depressive behavior just before scanning) on social status and body weight. Just before scanning, the depressed animals (n = 6) spent an average of 4.68% (range, 1.00%-10.55%) of their time in the depressed posture, whereas nondepressed animals (n = 6) spent 0% of their time in the depressed posture.
MR image acquisition and analysis
MR images were acquired in anesthetized monkeys (ketamine HCl:xylazine, 7.0:0.6 mg/kg IM) on a 3-T MRI scanner with twin speed gradient coil using a single-channel human quadrature knee coil (GE Healthcare, Milwaukee, WI). The knee coil was used for neuroimaging of the nonhuman primate because its smaller form factor results in a better signal-to-noise ratio per unit time compared with the human quadrature head coil. Proton density (PD) and T2-weighted (T2) images were acquired with a dual-echo fast-spin echopulse sequence (echo time 1/echo time 2, 13.6 ms/81.6 ms; repetition time, 9.1 s; echo-train length, 8; receiver bandwidth, 31.2 kHz; voxel size, 0.5 Â 0.5 Â 1.0 mm; field of view, 12 Â 12 Â 6 cm). Two PD/T2 images were acquired sequentially and averaged offline to improve the signal-tonoise ratio of the final reconstructed image. Total acquisition time for both sets of PD/T2 images was 20 minutes. The PD and T2 images were coregistered with Statistical Parametric Mapping (University College London, London, UK) before averaging with in-house software (Matlab; Mathworks, Natick, MA). HC regions of interest were manually segmented on PD images using MRIcro (Chris Rorden, Georgia Institute of Technology, Atlanta, GA). HC boundaries were adapted from Machado et al 22 and Willard et al. 16 The anterior hippocampus was delineated from the posterior hippocampus by the last coronal slice in which the uncus was present ( Fig. 2A-C) .
Statistical analysis
To correct for intersubject variation in head size, HC volume was divided by whole brain volume before analysis. To verify that the depressed and nondepressed animals did not differ in social status and body weight, t tests for independent groups were used. Each region (whole, anterior, and posterior) of the left and right hippocampi was assessed separately using t tests for independent groups. For the left and right hippocampi, three a priori comparisons were made. A two-tailed significance level of 0.05 was used for all comparisons.
RESULTS
There were no differences between depressed and nondepressed animals in age (t 10 = 1.14, P = 0.28), body weight (t 10 = 0.06, P = 0.95), or social status (t 10 = 0.75, P = 0.47) as expected. Whole HC volumes (Fig. 2D) were compared between the depressed and nondepressed groups on the left and right sides and found to be smaller in the depressed animals, bilaterally: left whole hippocampus (t 10 = 4.34, P = 0.001) and right whole hippocampus (t 10 = 3.22, P = 0.009). On average, the whole hippocampus of the depressed monkeys was 20% smaller than that of their nondepressed counterparts. To test for heterogeneity along the anterior-posterior axis, each side was divided into anterior and posterior regions ( Fig. 2D ). Volumes were significantly reduced in depressed compared with nondepressed animals in both the anterior and posterior regions, bilaterally: left anterior hippocampus (t 10 = 3.36, P = 0.007), left posterior hippocampus (t 10 = 3.11, P = 0.01), right anterior hippocampus (t 10 = 3.17, P = 0.01), and right posterior hippocampus (t 10 = 2.34, P = 0.04). Thus, no effects of laterality were observed. Averaged over left and right, the anterior hippocampi were 24% smaller and the posterior hippocampi were 17% smaller in the depressed monkeys compared with their nondepressed counterparts. There was no difference in whole brain volume between groups (t 10 = 1.32, P = 0.22).
DISCUSSION
This is the first study investigating whole, anterior, and posterior HC volumes in depressed and nondepressed female primates with no prior antidepressant exposure and no endogenous ovarian steroid production. The results indicate global reductions in HC volume, thus supporting an association between HC morphometric alterations and depressive behavior in adult female cynomolgus macaques. The observation of reduced bilateral whole HC volume in depressed compared with nondepressed adult female monkeys is consistent with the results of a recent meta-analysis confirming significant bilateral reductions in age-and sex-matched depressed humans. 1 The observation of smaller HC volume in depressed monkeys is compelling because many of the characteristics that differentially affect HC volume in human studies are controlled in this primate model. The animals were all surgically postmenopausal, lived in the same housing conditions, consumed the same diet, and were not exposed to antidepressant pharmacotherapy, recreational drugs, or alcohol. Depressive behavior was objectively documented throughout the course of 2 years before MRI, and depressed and nondepressed monkeys were matched on social status and body weight.
The observation of decreased anterior HC volume in antidepressant-naive depressed compared with nondepressed female monkeys validates our previous in vitro findings in the same model. 16 Similarly, Ballmaier et al 23 observed reduced whole and anterior HC volumes in a population of unmedicated late-life depressed individuals with an average age of approximately 71 years, 74% of which were women and presumably postmenopausal, compared with age-matched controls. Bearden et al 24 also reported reduced volume in subregions of the anterior hippocampus in unmedicated depressed adults averaging 39 years of age, 77% of which were women. In contrast, Neumeister et al 25 observed reduced posterior but not anterior HC volume in unmedicated depressed individuals in remission, 77% of which were women who averaged approximately 40 years of age. Although these studies used mostly depressed women, most participants had prior antidepressant exposure, one study was of older postmenopausal women and none of the other studies controlled for menstrual cycle phase or mention menopause status. The variability in the results of these studies is currently unexplained. The reduced whole, anterior, and posterior HC volumes reported in depressed, ovariectomized female monkeys herein reflect an antidepressant-naive state in which hormone production had ceased for more than 2 years. We observed only anterior reductions in volume in our previous postmortem histological study of intact antidepressant-naive female monkeys that lived under conditions very similar to those of the monkeys in the study reported here. It is possible that endogenous female hormones are somewhat protective of HC volume reduction in depression, particularly in the posterior hippocampus, and that the magnitude and localization of HC volume reductions in human beings may be influenced by antidepressant exposure, ovarian steroid fluctuations, or both.
The potential for ovarian steroid modulation of the depressionYHC volume relationship is important because of the functional differentiation of the hippocampus along the anterior-posterior axis. Whereas the posterior hippocampus is central to memory functioning 26 and memory disturbances in depression are well documented, the anterior hippocampus maintains close connectivity to primary brain areas in depression neurocircuitry and is implicated in mood and emotionrelated functioning. 27 The present study is limited in that the sample size is relatively small and MRI comparison with female monkeys with intact ovarian function was not possible. The differences in the relationship between depression and posterior HC volumes reported for surgically postmenopausal female cynomolgus monkeys in the present in vivo study versus monkeys with intact ovarian function in the previous postmortem study suggest that further studies of the potential modulating effects of ovarian function on the relationship between depression and HC volume are warranted.
CONCLUSIONS
In this first ever investigation of whole, anterior, and posterior HC volume in antidepressant-naive and surgically postmenopausal depressed and nondepressed adult female monkeys, an association between depression and global HC volume reductions was observed. Consistent with the results of numerous human studies, 1 reduced bilateral whole HC volume in depressed compared with nondepressed adult female monkeys is reported herein. The observation of decreased anterior HC volume in antidepressant-naive depressed compared with nondepressed female monkeys validates our previous in vitro findings in the same model. 16 Given that we observed posterior HC reductions in the present study of ovariectomized animals, but not in our previous postmortem study of intact females, it is possible that endogenous female hormones might protect against HC volume reduction in depression, particularly in the posterior hippocampus. Future studies using this adult female monkey model of depression in which characteristics that differentially affect HC volume in human studies are controlled, including antidepressant exposure and menstrual cycle phase, are warranted to evaluate the potential modulating effect of ovarian steroids on HC volume in depression.
